Aims: Deubiquitinating enzymes (DUBs) appear to be critical regulators of a multitude of processes such as proliferation, apoptosis, differentiation, and inflammation; however, the potential roles of DUBs in the heart remain to be determined. This study was aimed to explore the role of a DUB, ubiquitin carboxyl terminal hydrolyase L1 (UCH-L1) in maladaptive cardiac remodeling and dysfunction.
Introduction
Since ubiquitin (Ub) was discovered in the early 1970's, the ubiquitination proteasome system (UPS) which consists of ubiquitin-activating enzymes (E1s), ubiquitin-conjugating enzymes (E2s), ubiquitin ligases (E3s), proteasomes, and deubiquitinating enzymes (DUBs) has emerged as a critical regulator in virtually all aspects of cell biology [1] [2] [3] [4] . The process of ubiquitination is catalyzed by the sequential action of E1, E2, and E3 and DUBs mediate the removal and processing of ubiquitin. There are eight E1s, a dozen different types of E2s, and hundreds of E3s in human. In addition, approximately 100 functional DUBs are coded in human genome.
Recently, rapidly growing evidence has revealed that ubiquitin, E1s, several E2s and E3s play an important role in the regulation of cardiac homeostasis and dysfunction [1, [5] [6] [7] [8] [9] . In contrast, only one DUB, A20/ tumor necrosis factor alpha induced protein 3 (TNFAIP3), has been extensively studies in the heart. While A20 appears to be a key negative regulator of maladaptive cardiac remodeling and dysfunction induced by pressure overload or myocardial infarction [10, 11] , up-regulations of a few other DUBs including ubiquitin-specific protease 5 (USP5), USP20, and ubiquitin carboxyl terminal hydrolyase L1 (UCH-L1) in failed hearts have also been observed [5] . However, the pathophysiological relevance of these DUBs in the heart remains unknown.
In the present study, we explored the role of UCH-L1 in the heart. Our results uncovered for the first time that UCH-L1 facilitates autophagic degradation of p21 WAF1/Cip1 to suppress proliferation in cardiac fibroblasts, potentially acting as a novel feedback mechanism in the regulation of maladaptive cardiac remodeling and dysfunction.
Materials and Methods

Animals
Male C57BL/6J mice were purchased from Shanghai Slac Laboratory Animal Co., Ltd. The mice at age of 8 weeks were anesthetized with a single intraperitoneal (IP) injection of pentobarbital sodium (50 mg/kg) and the depth of anesthesia was monitored by assessing palpebral reflex, toe pinch, respirations, and general response to touch. The anesthetized mice were subjected to sham or transverse aortic constriction (TAC) operations as described previously [12] . At endpoints of experiments, mice were euthanized by overdose intraperitoneal injection of pentobarbital sodium (100 mg/kg) for harvesting tissues. All of the animal procedures were conducted in accordance with the NIH Guide for Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at Shandong University and University of South Carolina, USA.
Immunohistochemistry
Paraffin sections of the heart were prepared and stained with a rabbit anti-UCH-L1 polyclonal antibody (AB1761, Millipore) as previously described [12] . Images were acquired using a microscope (Nikon Eclipse 80i; Nikon Inc., Melville, NY). Immunofluorescent staining was performed according to a standard protocol provided by Santa Cruz Biotechnology, Inc. Ki67, a biomarker of cell proliferation, was stained with a rabbit anti-Ki67 antibody (ab15580, Abcam). Cardiac fibroblasts were stained with a mouse anti-Vimentin antibody (V2258, Sigma-Aldrich). Nuclei were labeled with 49,6-diamidino-2-phenylindole (DAPI; D9542, Sigma-Aldrich).
Cell Culture and Adenovirus Infection
Rat neonatal cardiac fibroblasts were isolated and cultured as previously described [12] . Briefly, the hearts from 2-to 3-day old Wistar rats were finely minced and digested with type II collagenase (120 units/ml; Worthington Biochemical Corp., Lakewood, NJ). Dispersed cells were placed in culture flask for 90 minutes at 37uC in a CO 2 incubator. During this time, only the fibroblasts became attached to the culture flask. The fibroblasts were cultured in high glucose DMEM supplemented with 10% fetal bovine serum (FBS) (Gibco), penicillin (100 U/ml), and streptomycin (100 mg/ml). In addition, adult cardiac fibroblasts were isolated from male New Zealand (NZ) while rabbits at age of 6 months. The rabbits were euthanized by overdose intraperitoneal injection of pentobarbital sodium and then hearts were excised, minced, and washed in phosphate-buffered saline (PBS). The tissue was digested at 37uC with a mixture of trypsin (0.125%, Invitrogen) and type II collagenase (100 units/ml; Worthington Biochemical Corp.) for 10 min. Isolated cells were pelleted at the end of several 10-min digestion periods, plated on culture flask in DMEM containing 20% FBS, and incubated for 1 h at 37uC in a CO 2 incubator. Thereafter, the unattached cells were discarded and attached cells were grown in DMEM with 10% FBS, penicillin (100 U/ml), and streptomycin (100 mg/ml). The purity of the fibroblasts was determined by the staining of a fibroblast marker vimentin using anti-Vimentin antibody (V2258, SigmaAldrich). Over 95% of the cultured cells were vimentin positive.
Cardiac fibroblasts at passage 2 or 3 were used for the experiments.
Sub-confluent (70-80%) rat neonatal cardiac fibroblasts were infected with adenovirus of control (Ad-GFP) or human UCH-L1 tagged with GFP (Ad-hUCH-L1) (Invitrogen) in serum free DMEM for 48 h and followed with various treatments as indicated. Adenoviral over-expression of hUCH-L1 (0-100 pfu/ cell) resulted in dose-dependent increases in UCH-L1 protein expression ( Figure S1 ), without any apparent cytotoxic effects in cardiac fibroblasts (data not shown). Accordingly, we used adenoviral over-expression of UCH-L1 at a dose of 50 pfu/cell in the following experiments.
CCK-8 Assay
Rat cardiac fibroblasts (passage 2) were seeded in 96-well plate with 5000 cells/well, and were cultured in serum free DMEM for 24 h to induce a quiescent status. Then, cells were stimulated with or without PDGF-AA (50 ng/ml, P3076, Sigma-Aldrich), PDGF-BB (20 ng/ml, Sigma-Aldrich), PDGF-CC (50 ng/ml, SRP3139, Sigma-Aldrich), or PDGF-DD (50 ng/ml, 1159-SB, R&D) for 48 hours. Cell proliferation was assessed by a Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, Gaithersburg, MD). Briefly, after stimulation, the CCK-8 solution was added to the culture medium, and the cultures were incubated for 1 hour at 37uC in humidified 95% air and 5% CO2. The absorbance was measured at 450 nm using a Microplate Reader (Bio-Rad, Hercules, CA).
Cell Counting
Rat cardiac fibroblasts (passage 2) were seeded in 6-well plates and cultured in DMEM supplemented with 10% FBS, penicillin (100 U/ml) and streptomycin (100 mg/ml). When cells reached to 50-60% confluent, cells were infected with adenovirus of UCH-L1 or GFP (50 pfu/cell) in serum free DMEM for 48 h, and then stimulated with PDGF-BB (20 ng/ml, Sigma-Aldrich) for additional 48 hours. Cells were trypsinized and counted using TC10 Automated Cell Counter (Bio-Rad, Hercules, CA).
Reverse Transcription-Polymerase Chain Reaction (RT-PCR) and Quantitative Real Time PCR (qPCR)
Total RNA from the left ventricles or cardiac fibroblasts was extracted using TRIzol (15596-018, Invitrogen) following the standard protocol, and reverse transcription reactions (RevertAid First Strand cDNA Synthesis Kit, K1622, Fermentas) were performed with 2 mg of total RNA. Quantitative real time PCR (Q-PCR) was carried out using the Bio-Rad CFX96 Real-Time System (Bio-Rad, Hercules, CA). Expression levels of target genes were normalized by concurrent measurement of glyceraldehydes-3-phosphate dehydrogenase (GAPDH) or b-actin mRNA levels as described previously [12] . Primers that were used for qPCR are provided in supplementary data.
Western Blot Analysis
Cell lysate preparation and Western blot were performed as previously described [13] . The primary antibodies of anti-UCH-L1 (AB1761), anti-UCH-L1 (ab8189), and anti-b-actin (TA-09) were purchased from Millipore, Abcam, and Zhongshan in China,
, and anti-LC3B (#2775) were purchased from Cell Signaling Technology. Anti-p21 (sc-397), anti-p27 (sc-528), anti-Cdk2 (sc-163), anti-Cdk4 (sc-260), anti-cyclin D1 (sc-718), anti-cyclin E (sc-481), and anti-GAPDH (sc-25778) were purchased from Santa Cruz. Bands were visualized with Immobilon Western Chemiluminescent HRP substrate (WBKLS0100, Millipore). Densitometric analysis was performed using AlphaView SA image software (Cell Biosciences).
Immunoprecipitation
Cell lysate preparation and Western blot were performed as previously described [13] . Briefly, the precleared lysates with 40 ml protein A+G Agrose (P2012, Beyotime, China) were incubated with 1 mg rabbit anti-p21 antibody (sc-397, Santa Cruz) or 1 mg normal rabbit IgG with constant rotating at 4uC overnight, and then were incubated with protein A+G Agrose for 2 hours. The immunoprecipitates were washed 5 times with cell lysis buffer, then, the bound proteins were denatured with 40 ml 26sample buffer. 20 ml samples for each well were subjected to SDS-PAGE.
Statistical Analysis
All of the values are expressed as mean 6 SD. Differences between 2 groups were determined by a Student t test. Comparisons between groups on Western blotting data were assessed by 1-way ANOVA followed by a Bonferroni correction. A value of p,0.05 was considered statistically significant.
Results
Up-regulation of UCH-L1 in pressure overloaded hearts
To study the potential role of UCH-L1 in the pathogenesis of maladaptive cardiac remodeling and heart failure, we initially examined UCH-L1 expression profile in murine hearts after TAC, a well-established model of pressure overload-induced cardiac remodeling and dysfunction in rodents as previously described [12] . In the wild-type male C57BL/6J mice, TAC gradually induced cardiac hypertrophy that was characterized by an increase in the HW/BW ratio and cardiomyocyte size, induction of ANF, BNP and b-MHC fetal genes, and thickening of the diastolic left ventricle posterior wall (LVPW;d) ( Figure S2A and C). Cardiac hypertrophy was evident by day 7 and progressive up to the experimental end point of 28 days ( Figure S2A ). In addition, a profound cardiac fibrosis was observed in the heart after TAC ( Figure S2B ). Fractional shortening FS (%) was preserved until day 14 and significantly decreased on day 28 ( Figure S2A ). Thus, we established a tissue bank of LV tissues at different time points after sham and TAC mice including the stages of adaptive cardiac remodeling with preserved cardiac function (days [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and maladaptive cardiac remodeling with left ventricular dysfunction (days 14-28) [12] . Using the tissue bank, we observed that UCH-L1 mRNA expression was rapidly increased initially on day 1, reached a peak on day 14, and thereafter decreased to near to the basal level on day 28 after TAC ( Figure 1A ), while protein expression exhibited a similar pattern subsequently to the increases in UCH-L1 mRNA expression ( Figure 1B and C). These results indicate that UCH-L1 expression are enhanced in the heart during the earlier stage of cardiac adaptive hypertrophy and declined in the process of maladaptive responses to the sustained hemodynamic stress, suggesting that UCH-L1 might play a critical role in the regulation of maladaptive cardiac remodeling and the transition of cardiac hypertrophy to heart failure.
A growth inhibitory role of UCH-L1 in cardiac fibroblasts
Since UCH-L1 was upregulated in both cardiac myocytes and fibroblasts ( Figure 1C ), we questioned pathological significance of the UCH-L1 upregulation in maladaptive cardiac remodeling and dysfunction. With a focus, we determined a role of UCH-L1 in regulating proliferation of cardiac fibroblasts that play a critical role in cardiac fibrosis, a major contributor to cardiac dysfunction [14] .
It has been firmly established that increases in the levels of circulating and/or local PDGFs are likely to be key driving forces for the abnormal proliferation of cardiac fibroblast culminating in cardiac fibrosis [15] . PDGFs are a family of disulphide-bonded dimeric isoforms that are coded by 4 genes: the classical PDGF-A and PDGF-B as well as the subsequently identified PDGF-C and PDGF-D [16] . All PDGF isoforms exert their biological functions by binding to and activating 2 receptor tyrosine kinases, PDGF receptor (PDGFR)-a and PDGFR-b. In general, PDGF-AA and PDGF-CC bind to PDGFRa while PDGF-BB and PDGF-DD act via PDGFR-b. Cardiac-specific overexpression of PDGF-A develops severe cardiac fibrosis with early lethality, whereas overexpression of the other isoforms induces cardiac fibrosis in mouse heart, followed by hypertrophy or dilated cardiomyopathy [16, 17] . Thus, we examined the effect of PDGF isoforms on UCH-L1 expression in primary culture of rat neonatal cardiac fibroblasts. Of interest, not PDGF-AA or PDGF-CC but PDGF-BB and PDGF-DD stimulated both mRNA and protein expression of UCH-L1 ( Figure 2A ). Considering the fact of PDGF-BB and PDGF-DD act via the same receptor of PDGFR-b [16] , these results indicate a unique role of UCH-L1 in the control of PDGF/ PDGFR-b signaling axis. Accordingly, UCH-L1 gain-of-function approach was applied to determine the role of UCH-L1 upregulation in regulating PDGF-BB-induced cardiac fibroblast proliferation. As figure 2B shown, adenoviral overexpression of UCH-L1 moderate suppressed PDGF-BB-induced increases in ki67 positive cell numbers and total cell numbers of cardiac fibroblasts. Flow cytometry analysis revealed that the UCH-L1 overexpression inhibited PDGF-BB-induced increase in the transition from G1 to S phase in cardiac fibroblasts ( Figure S3 ). Of note, it was PDGF-BB and PDGF-DD but not PDGF-AA or PDGF-CC that stimulated proliferation of rat neonatal cardiac fibroblasts ( Figure S4A ). To further explore the pathological relevance of UCH-L1-mediated growth inhibitory effect, we determined the impact of UCH-L1 overexpression on the proliferation of adult cardiac fibroblasts isolated from rabbits, which are phylogenetically closer to primates than mice and rats [18] . We observed that overexpression of UCH-L1 exerted a similar growth inhibitory effect on PDGF-BB-and PDGF-DDinduced proliferation in these cells ( Figure S4B ). These results revealed a growth inhibitory effect of UCH-L1 in cardiac fibroblasts of various species, presumably including the human. Because UCH-L1 overexpression did not affect hydroperoxide (H 2 O 2 )-induced cell death in cardiac fibroblasts ( Figure S5 ), the UCH-L1-mediated growth inhibitory effect may be independent of cell death. Moreover, in our previous study, we demonstrated that overexpression of UCH-L1 does not affect PDGF-BB-induced proliferation of vascular smooth muscle cell [19] . In contrast, recent evidence has also revealed that UCH-L1 enhances proliferation of multiple cell types, including Hela cells, Neuro2a cells, and human cancer cell lines H727 and MCF [20] . Therefore, these results suggest that the UCH-L1-mediated growth inhibitory is most likely cardiac fibroblast specific.
An UCH-L1-mediated enhancement of PDGF-BB-induced p21 WAF1/Cip1 expression in cardiac fibroblasts
To determine the molecular mechanism by which UCH-L1 suppresses cardiac fibroblast proliferation, we examined the effect of adenoviral overexpression of UCH-L1 on PDGF-BB-induced activation of MAPKs including extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinases (JNK) and p38, phosphoinositide 3-kinase (PI3K), and signal transducers and activators of transcription 3 (STAT3), that are linked to cardiac fibroblast growth [16] . Surprisingly, none of the growth promoting signal cascades was affected by UCH-L1 overexpression ( Figure S6 ). Thus, we further studied whether UCH-L1 regulates the downstream events of the mitogen signaling with a focus on cyclin-dependent kinases (CDKs), cyclin, and CDK inhbitors (CKIs), which either positively or negatively control the cell cycle progression [21] . Since the role of PDGF-BB in regulating functions of CDKs, cyclins, and CKIs in cardiac fibroblasts is unclear, we characterized the effect of PDGF-BB on the expression profile of CDKs and cyclins including CDK2, CDK4, cyclin D1, and cyclin E, as well as CKIs including p27 kip1 and p21 WAF1/Cip1 in primary culture of rat neonatal cardiac fibroblasts ( Figure S6 ). We performed a detailed timecourse study with harvesting cardiac fibroblasts at 0, 0.5, 2, 8, 24, and 48 hours after PDGF-BB stimulation. We observed that PDGF-BB regulated the expression of p21 WAF1/Cip1 alone via a mechanism of posttranscriptional regulation ( Figure 3, Figure S6 ). Of interest, overexpression of UCH-L1 enhanced the PDGF-BBinduced posttranscriptional upregulation of p21 WAF1/Cip1 protein in cardiac fibroblasts (Figure 3) , suggesting that UCH-L1 inhibits cardiac fibroblast proliferation via posttranscriptional enhancing the expression of p21 WAF1/Cip1 to suppress the transition of G1 to S phase.
UCH-L1 enhances PDGF-BB-induced upregulation of p21 WAF1/Cip1 proteins via suppressing autophagic clearance of p21 WAF1/Cip1 independent of ubiquitinproteasomal system (UPS)-mediated protein degradation
To explore the underlying mechanism by which UCH-L1 enhances PDGF-BB-induced posttranscriptional upregulation of p21 WAF1/Cip1 , we determined a potential role of UCH-L1 in regulating p21 clearance by UPS and autophagy, two major pathways in the posttranscriptional control of protein levels [22] . Since MG132, a proteasome inhibitor, induced p21 WAF1/Cip1 protein accumulation ( Figure S7A ), it is conceivable that UPS plays an important role in the regulation of p21 WAF1/Cip1 protein level in cardiac fibroblasts. However, in the presence of MG132, PDGF-BB was still able to upregulate p21 WAF1/Cip1 protein levels while overexpression of UCH-L1 enhanced not only the PDGF-BB-induced upregulation of p21 WAF1/Cip1 protein in presence of MG132 but also the basal increased p21 WAF1/Cip1 protein level induced by MG132 per se ( Figure 4A, Figure S7B ). Moreover, we did not observe physical association between UCH-L1 and p21 WAF1/Cip1 proteins in cardiac fibroblast with or without PDGF-BB treatment. Unexpectedly, however, we did not find apparent ubiquitination of p21 WAF1/Cip1 proteins in cardiac fibroblasts treated with or without PDGF-BB or MG132 ( Figure 4B and Figure S7C ). These results suggest that PDGF-BB upregulates p21 WAF1/Cip1 protein expression via a mechanism independent of UPS-mediated protein degradation, and UCH-L1 enhances the PDGF-BB-induced UPS-independent upregulation of p21 WAF1/Cip1 protein, although it may have an inhibitory effect on UPS-mediated degradation of p21 WAF1/Cip1 protein in cardiac fibroblasts. Then, we investigated a potential involvement of autophagic protein degradation/clearance in the UCH-L1-mediated upregulation of p21 WAF1/Cip1 protein in primary culture of cardiac fibroblasts. Rapamycin, an activator of autophagy via suppressing activity/phosphorylation of mammalian target of rapamycin (mTOR) [23] , suppressed both basal and PDGF-BBinduced mTOR phosphorylation and p21 WAF1/Cip1 protein expression ( Figure 5A and Figure S8 ), suggesting a reversing relationship of autophagy activation and p21 WAF1/Cip1 protein expression levels in cardiac fibroblasts. In addition, overexpression of UCH-L1 enhanced PDGF-BB-induced phosphorylation of mTOR but not glycogen synthase kinase-3 beta (GSK-3b) and attenuated rapamycin-induced suppression of mTOR phosphorylation ( Figure 5B and C), indicating that a specific effect of UCH-L1 on mTOR activation is linked to the observed upregulation of p21 WAF1/Cip1 protein expression. Moreover, UCH-L1 overexpression could recover the rapamycin-suppressed PDGF-BB-induced WAF1/Cip1 protein expression and mTOR phosphorylation ( Figure 5C and Figure 6 ). These results suggest that UCH-L1 enhance PDGF-BB-induced p21 WAF1/Cip1 protein expression via suppressing autophagy activation by increasing mTOR activity. To further address the notion, we applied bafilomycin A1 (BFA), an inhibitor of autophagic protein clearance [23] , and examine overexpression of UCH-L1 on autophagic flux, a reliable assay to measure the capacity of autophagy-mediated protein clearance [23] , and PDGF-BB-induced p21 WAF1/Cip1 protein expression under a condition of BFA-impaired autophagic protein clearance in primary culture of rat neonatal cardiac fibroblasts. As figure 7A shown, treatment of BFA with a sub-toxic dose of 5 nM for 24 h induced accumulation of LC3, a biomarker reflecting amount of autophagosomes [23] , in the control cells; however, this accumulation was attenuated in the Ad-UCH-L1 infected cells. BFA inhibits autophagosome fusion with lysosome thereby suppressing autophagic protein clearance [23] , therefore, the BFA-induced accumulation is usually considered as the capacity of autophagymediated protein degradation, named autophagic flux. Accordingly, these results reveal that UCH-L1 suppresses autophagic protein clearance in cardiac fibroblast. Finally, we observed that UCH-L1 could not enhanced PDGF-BB-induced upregulation of p21 WAF1/Cip1 protein expression anymore in the presence of BFA (figure 7B). Taken together, these findings demonstrate that UCH-L1 potentiates PDGF-BB-induced upregulation of p21 WAF1/Cip1 protein expression via suppressing autophagic protein clearance in cardiac fibroblasts.
Upregulation of p21 WAF1/Cip1 in pressure overloaded heart
To explore pathological significance of UCH-L1-potentiated PDGF-BB-induced upregulation of p21 WAF1/Cip1 in the heart, we examined the protein expression of p21 WAF1/Cip1 in TAC hearts. We observed that there was a clear increase in p21 WAF1/Cip1 protein expression when UCH-L1 upregulation reached a peak ( Figure 1 and Figure S9 ). These results suggest that UCH-L1 facilitates autophagic degradation of p21 WAF1/Cip1 to suppress proliferation of cardiac fibroblasts in chronically pressure overloaded heart, potentially acting as a novel feedback mechanism in the regulation of maladaptive cardiac remodeling and dysfunction.
Discussion
In the present study, there are several novel findings regarding UCH-L1 as a negative regulator of maladaptive cardiac remodeling and dysfunction as follows: (i) UCH-L1 expression is enhanced in cardiac myocytes and fibroblasts during the earlier stage of cardiac adaptive hypertrophy and declined in the process of maladaptive responses to the sustained hemodynamic stress; (ii) UCH-L1 inhibits cardiac fibroblast proliferation via suppressing PDGF/PDGFRb signaling; (iii) UCH-L1 preferentially enhances PDGF-BB-induced suppression autophagic clearance of p21 WAF1/ Cip1 proteins in cardiac fibroblasts. (iiii) UCH-L1 plays a minimal role in regulating cardiac fibroblast death.
DUBs appear to be critical regulators of a multitude of biological processes such as proliferation, apoptosis, differentia- tion, and inflammation and involved in several human diseases including tumor, neurodegenerative and renal diseases [2, 24, 25] . Of note, A20 has not been directly linked to human cardiac diseases although its cardiac protective actions have been well documented in mice [24] . However, the observed upregulation of UCH-L1 is in the human heart with dilated cardiomyopathy. Thus, our results reveal for the first time a contributory role of DUBs such as UCH-L1 in human cardiac diseases.
UCH-L1 (also known as protein gene product 9.5; pGp9.5) was originally described as a neuron-specific gene [26] . However, subsequent studies have also noted UCH-L1 expression in a wide variety of neuroendcrine cells including anterior pituicytes, thyroid parafollicular cells, pancreatic islet cells, and adrenal medullary cells as well as in a large number of nonneuroectodemrmally derived normal tissues including smooth muscle, prostatic secretory epithelium, ejaculatory duct cells, epididymis, mammary epithelial cells, Merkel cells, and dermal fibroblasts [27] . Several lines of evidence have suggested that UCH-L1 is involved not only in the pathogenesis of neurodegenerative diseases [28] but also in the regulation of tumor growth and spermatogenesis [29, 30] . In addition, we have demonstrated that UCH-L1 is expressed in vasculature and may acts as a negative regulator of vascular inflammatory responses and lesion formation [31] . It worthy to note that UCH-L1 suppresses tumor necrosis factor alpha (TNFa)-rather than PDGF-BB-mediated activation of ERK and proliferation in vascular smooth muscle cells (VSMCs) [19] . While UCH-L1 has been shown to inhibit a 2 -adrenergic receptor (AR) agonistmediated activation of ERK via a direct association with a 2A -AR receptor implicating a role of UCH-L1 in neuro-protection [32] , it has also been documented that UCH-L1 up-regulates oncogenic b-catenin/TCF and Akt signaling to induce tumor cell proliferation and migration contributing to tumor progression [33, 34] . These results clearly demonstrate that UCH-L1 is a multifunctional protein and exerts cell type and/or tissue specific actions. Therefore, it was not surprising to find that UCH-L1 overexpression does not affect PDGF-BB-induced activation of MAPKs, Akt and STAT3 in cardiac fibroblasts; whereas, enhances PDGF-BB-induced posttransciptional upregulation of p21 WAF1/Cip1 protein expression contributing to growth arrest in cardiac fibroblasts. However, the finding of UCH-L1-suppressed autophagic clearance of p21 WAF1/Cip1 protein independent of UPS-mediated protein degradation in cardiac fibroblasts is intriguing. Although autophagy is generally responsible for a bulky removal of less or insoluble protein aggregates and defective organelles [23] , emerging evidence has indicated that autophagy plays an importantly role in the regulation of cellular signaling by providing autophagosomal membrance as a signaling platform or clearing the signaling complex per se via lysosomes [35, 36] . In fact, a potential role of autophagy in the regulation of p21 WAF1/Cip1 expression has been evidenced by the rapamycin-induced posttranscriptional downregulation of p21 WAF1/Cip1 protein expression and the BFA-induced accumulation of p21 WAF1/Cip1 proteins in cancer cells [37] [38] [39] . In this context, our results further demonstrate that UCH-L1 is a critical inhibitor of autophagy-mediated clearance of p21 WAF1/Cip1 proteins, serving as a novel feedback mechanism in the control of cardiac fibroblast growth.
It should be noted that UCH-L1 appears to be a key regulator of chaperone-mediated autophagy, which is essential for clearing and preventing the accumulation of alpha-synuclein, a cause of Parkinson disease [40] . Moreover, UCH-L1 is able to destabilize mTOR complex 1 (mTOCRC1) while increase mTORC2 activity toward Akt [41] . However, none of these mechanisms is likely attributable to the UCH-L1-mediated upregulation of p21 WAF1/ Cip1 protein expression in cardiac fibroblasts because: (i) UCH-L1 suppresses autophagy activity; (ii) UCH-L1 hardly regulates Akt activity. Considering the inhibitory effect of UCH-L1 on the suppression of mTOR phosphorylation induced by rapamycin which predominantly inhibits mTORC1 activity [42] , it is plausible that UCH-L1 may operate a unique signaling to facilitate mTORC1-mediated autophagic clearance of p21 WAF1/ Cip1 protein specific in cardiac fibroblast aforementioned.
The precise molecular mechanisms of the UCH-L1-mediated upregulation of p21 WAF1/Cip1 in cardiac fibroblasts have not been fully dissected in the present study. However, several studies have revealed that ubiquitination of mTOR, tuberous sclerosis complex (TSC), a component of mTORC1, or DEPTOR, a regulator of mTORC1, is linked to the control of mTORC1 activity [43] [44] [45] . Thus, whether UCH-L1 regulates these molecular events to suppress autophagic clearance of p21 WAF1/Cip1 proteins deserves further investigation in cardiac fibroblasts. In addition, a direct link between the inhibitory effect of UCH-L1 on cardiac fibroblast growth and maladaptive cardiac remodeling and dysfunction needs to be addressed in future. Author Contributions
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